Recent reports that peptides can frequently mimic epitopes on globular proteins are inconsistent with early studies demonstrating that antibodies to native globular proteins generally do not bind peptides. This discrepancy could result from current confusion of two different populations of antibodies in antisera: one reacting with peptides and denatured protein and the other reacting only with the native protein. To test this possibility, several hundred monoclonal antibodies to rat cytochrome c were examiped by ELISA for binding the intact protein and cyanogen bromide-cleaved peptides. Inhibition by soluble native cytochrome c identified which antibodies were specific for the native protein. The vast maJQrity of these antibodies did not bind the peptides, whereas most of the antibodies specific for denatured forms did bind them. The results are consistent with the idea that antibodies to denatured antigen are readily detected in solid-phase assays, where some antigen molecules denature as they attach to microtiter plates, and show that these antibodies are generally the ones that react with peptides. Thus, reevaluation of data suggesting that anti-native globular protein antibodies bind peptides is warranted.
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Until recently antibodies were thought to recognize antigenic determinants that reflect the native structure of a protein because they reacted poorly if at all with denatured forms of the molecule (1) (2) (3) (4) , and peptide fragments were poor substitutes for the native antigen (5) (6) (7) . Despite the early evidence, it is now widely believed that small peptides can be effectively used to examine the chemical nature of the interaction of polyclonal anti-native globular protein antibodies with the protein (8) (9) (10) (11) (12) (13) (14) . Interestingly, the few monoclonal antibodies (mAbs) that have been prepared against each of a number of native globular proteins do not bind peptides (15, 16) . However, an extensive analysis of the reactivity of mAbs with peptides and the native protein from which they are derived has not been reported.
Some of the claims that anti-native protein antibodies bind to peptides could result from artifacts of the assay systems.
If a fraction of the molecules in the immunizing preparation and in the material used for antibody assay are denatured then binding of an anti-denatured protein antibody to denatured protein could be mistaken for the binding of anti-native protein antibody to the native protein. This potential problem is increased by the modern day use of solid-phase assays, such as ELISA, because some molecules of antigen when attached to a solid support do denature (17, 18) . However, control experiments are rarely carried out to correct for this problem. While it is conceivable that every immunizing preparation may contain some denatured molecules due to lyophilization and/or emulsification in adjuvant, antibodies elicited against the denatured forms generally are not observed in solution-phase assays with native proteins (1) (2) (3) (4) . However, such antibodies are readily detected in solid-phase assays (17, 18) and these antibodies could also react with peptides derived from the protein.
This possibility has been investigated by examining the binding of several hundred mAbs to rat cytochrome c (cyt c) and its cyanogen bromide-cleaved fragments 1-80, 1-65, and 66-104. These peptides together encompass the entire length of the cyt c polypeptide chain and overlap. Thus, they should bind all of the anti-native protein mAbs whose interaction with the protein can be mimicked by linear peptides. The mAbs examined were produced by individual clones of secondary B lymphocytes in vitro in a splenic focus assay. This experimental system is particularly useful when a large number of antigen-specific mAbs is needed in very small quantity. Moreover, since the mAbs are produced by monoclonal cells stimulated by antigen, the repertoire of mAbs should reflect the circulating pool of serum antibodies and should not favor any particular specificity not favored in serum. To determine which mAbs reacted with native cyt c and which reacted with denatured forms in ELISA, the ability of soluble native cyt c to compete with the plate-bound protein for mAb binding was examined. A comparison was then made between the abilities of the mAbs to bind to peptide fragments and to either native or denatured cyt c.
EXPERIMENTAL PROCEDURES
Protein Antigens. Limulus polyphemus hemocyanin (Type VII) and rat and horse cyt c were purchased from Sigma, The cyt c were further purified by cation-exchange chromatography on carboxymethyl-Sephadex (19) . Polypeptide fragments of rat cyt c were obtained by cyanogen bromide cleavage of the protein followed by gel filtration chromatography on Sephadex G-50 in 7% formic acid (19 (19) . cyt c reactive secondary B cell would home to each 1-mm3 vol of the recipient's spleen and, thus, the responses observed in vitro would be monoclonal. B lymphocytes pooled from five donor mice and five recipient mice were used in each of 9 experiments for the production of 575 mAbs specific for rat cyt c.
ELISA. The assay has been described in detail elsewhere (19) . Free cyt c (not attached to a carrier molecule) was used as the antigen. A control was added to determine whether the mAbs bound native or denatured forms of rat cyt c. Soluble native cyt c (final concentration, 10 AM) was added to the microtiter plates prior to incubation of the culture fluids containing the mAbs. The particular concentration of inhibitor chosen was based on experiments with polyclonal antisera. At concentrations of soluble cyt c >10lM, no additional specific inhibition of the binding of the antibodies to the microtiter plates was observed.
RESULTS
Specificity of the mAbs. By using the methodology shown schematically in Fig. 1 , a total of 575 mAbs directed against rat cyt c were generated. Although the number of mAbs is large, approximately only 20-25 distinct clonotypes, based on specificities, are represented (data not shown). The mAbs are not products of hybridomas but rather are secreted in vitro by individual clones of secondary B lymphocytes primed in vivo against rat cyt c and stimulated in vitro with that antigen coupled to a carrier protein. The mAbs were classified into three groups based on their ability to discriminate between rat and other mammalian cyt c in ELISA. Of the proteins examined, the one most dissimilar from rat cyt c is horse cyt c. Comparison of the amino acid sequences of rat and horse cyt c in Table 1 shows that these proteins differ at only six amino acid residue positions: 44, 47, 60, 62, 89, and id7 M rat cyt c-Hy Table 2 . Detailed analysis of the specificity of these mAbs is beyond the scope of this report and will be presented elsewhere.
Antigen Conformation Requirements for mAb Recognition.
Conformational requirements for antigen recognition by the mAbs were determined by the ability of soluble native rat cyt c to compete with the plate-bound antigen for binding to all of the mAbs in groups B (56 antibodies) and C (42 antibodies) and to a representative number of mAbs (81 antibodies) in group A (Fig. 2) . The vast majority of mAbs in group A were effectively inhibited (81-100%) by the addition of soluble rat cyt c at a final concentration of 10 ,uM. Most of the mAbs in group B were also inhibited but to lesser extents than those in group A. In contrast, only a few of the mAbs in group C were inhibited >60%. Thus (24) and during the coupling procedure, which involves crosslinking by glutaraldehyde, some of the molecules are likely to be denatured. Emulsification ofthe protein in adjuvant is also likely to cause some denaturation (33) . Binding of mAbs to Polypeptide Fragments. The three groups of mAbs were further tested for binding to large cyanogen bromide-cleaved fragments of rat cyt c in ELISA (Fig. 3) . Very few of the mAbs in group A, which recognize the native form of rat cyt c, bound these peptides. Many (19) . The mAbs are classified into three groups (A, B, and C) according to their antigenic specificities (see Table 2 ). (19) . Values along the abscissa refer to the percentage inhibition of mAb binding to plate-bound intact cyt c by the addition of soluble rat cyt c as given in Fig. 2 . Thus, from left to right in each grouping, the mAbs are increasingly reactive with more native forms of cyt c and decreasingly reactive with denatured protein present on the assay plate. Results for mAbs from groups A, B, and C are shown in the left, middle, and right columns, respectively.
DISCUSSION
There is a widely held notion that linear peptides are useful in analyzing the reactivities of polyclonal antibodies with native globular proteins (8) (9) (10) (11) (12) (13) (14) . However, this concept is in opposition to early studies, which demonstrated that antibodies to native globular proteins generally do not bind peptides (5) (6) (7) . This conflict can now be resolved. In the present study, most of the peptide-binding antibodies are actually specific for denatured materials likely to be present in the immunizing preparations, which are also formed during attachment of the native protein to microtiter plates in the solid-phase immunoassay. From the data in Fig. 3 , there emerges a strong correlation between the ability of a mAb to bind to a peptide derived from the globular protein antigen, rat cyt c, and the specificity of that mAb for a denatured form of the protein. Antibodies (26, 27) . In fact, this distinction was the basis for the early classification of epitopes as either sequential or conformational (28) .
Inasmuch as the mAbs examined in this study are secreted by activated B lymphocytes in response to antigen and are not products of hybridomas, it is likely that the anti-rat cyt c specificities observed are representative of the in vivo pool.
It has been implied that polyclonal antibodies are more useful for examining interactions with peptides as the failure of mAbs from hybridomas to react may result from selection for "unusual" antibody specificities by the fusion process (13) . More likely, polyclonal antisera contain subpopulations of antibodies: those that bind peptides as well as denatured antigen and those that bind the native antigen. These two populations can only be confused in a polyclonal pool and not in individual mAb preparations.
The present findings support older views of the influence of conformation on antigen recognition of globular proteins (1) (2) (3) (4) 28) and emphasize the importance of using relevant controls in antibody-binding experiments that confirm the conformational integrity of the antigen at the time it is being examined. From the results in Figs. 2 and 3 , it can be seen that when an intact protein is used to compete with plate-bound antigen for antibody binding, even 60% inhibition (and possibly greater) may not indicate recognition of native conformation. The native protein may bind an antibody directed against a denatured molecule but with decreased affinity. This is an important point that appears to have been overlooked in the few reports that have included the inhibition control experiment. Inhibition to a level approaching 100% by a native protein at a reasonable concentration (O10 ttM) is likely to be necessary to conclude that an antibody reacts with native antigen in solid-phase assays.
The assumption that a protein is in its native state when assayed for antibody binding in solid-phase assays is simply not valid (17, 18) . Since many of the current studies of the reaction of anti-native protein antibodies with peptides use the ELISA or a similar solid-phase assay, these results raise the possibility that many of the reported reactivities of anti-native protein polyclonal antibodies with peptides could be artifactual. For example, there have been several reports in the literature of the binding in solid-phase assays of polyclonal anti-cyt c antibodies to peptides inclusive of residues 1-4 (29) and residues 41-49 (30, 31) of the cyt c polypeptide chain. We have now examined the binding of the reactive antibodies, purified by affinity chromatography on the peptides, in solution phase radioimmunoassays and have not observed any binding to native cyt c (unpublished results). It is, therefore, likely that these antibodies, similar to some of the mAbs described above, recognize a denatured form of cyt c that is not present in the soluble preparation.
In consideration ofthe results reported here, a reevaluation of data purporting to demonstrate the binding of anti-native protein polyclonal antibodies to peptides seems warranted. It is possible that the same artifact in ELISA described here and elsewhere (17, 18) could be responsible for some claims that antibodies elicited against peptides bind a native globular protein. If so, this has important implications in the area of synthetic vaccine development. For cyt c, at least, this appears to be the situation. Antibodies elicited in response to the 1-80 fragment, whether by primary B lymphocytes or secondary cyt c-primed B cells, do bind intact cyt c in ELISA but, generally, cannot be inhibited from binding the platebound protein by soluble native cyt c (32) . Thus, the fragment does not activate B lymphocytes whose immunoglobulin receptors bind the native protein with a detectable affinity.
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